The effect of fertigation regimes on wheat grown in sandy soil was tested in two field experiments in Egypt. The aim of the study was to determine the vulnerability of wheat to extreme weather event under climate change scenarios. Eight fertigation treatments, in addition to farmer irrigation were tested. Two climate change scenarios obtained from Hadley climate change model were incorporated in CropSyst model to assess wheat yield responses to fertigation regimes under these scenarios. The results showed that the highest yield and the highest water use efficiency (WUE) was obtained under irrigation application using 1.2 and 0.8 of Etc, respectively, with fertigation application in 80% of application time in both growing seasons. The calibration of CropSyst model confirmed that the model is able to mimic the growth of wheat and predicted grain, biological yield, and WUE with high degree of accuracy. The highest yield reduction and the lowest WUE under the tested climate change scenarios were obtained from farmer irrigation. It can be concluded that irrigating wheat grown in sandy soil with an amount of either 1.0 or 0.8 of ETc with fertigation application in 80% of application time is recommended to enhance growth and yield, and to reduce wheat's damage caused by extreme climate change.
Introduction
The Earth has warmed by 0.7˚C on average since Climate change as projected by these climate models has the potential to significantly alter the conditions for crop production, with important implications for worldwide food security. Many studies have documented the effects of climate change on wheat yield in Egypt and concluded that the yield could be reduced by an average of 30% in the Nile Delta and Valley under surface irrigation and old land (Eid et al., 1994 and Khalil et al., 2009) . Furthermore, the damage that climate change could do to wheat productivity is expected to be higher under soils with low fertility. Changes in yield behavior in relation to shifts in climate can become critical for the livelihoods and income of farmers. An increasing probability of low returns as a consequence of the more frequent occurrence of adverse conditions could prove dramatic for farmers operating at the limit of economic stress, especially for farmers cultivating low fertility soils.
Under the projected climate change, extra damage is expected to occur to the yield of cultivated crops in these areas as a result of deterioration in the qulity and productivity of soil.
Crop simulation models can be used to assess the (Richter and Semenov, 2005) . CropSyst (Stockle et al., 1994) is one of these models that could be used along with a set of daily weather data spanning a reasonable number of years to assess the impact of climate change on agriculture. The application of such models allows the simulation of many possible climate change scenarios from only a few experiments for calibration.
In Egypt, El-Bustan area, a new reclaimed land located in the west of the Nile Delta, is a sandy soil with low organic matter and high water infiltration rate. The appropriate irrigation system to be used in this type of soil is drip and sprinkler irrigation.
Wheat yield in El-Bustan area is 10% lower than the wheat yield grown on clay soil in the same governorate (MALR, 2009) . Under the projected climate change, extra damage in yield reduction is expected to occur from cultivated crops in these areas as a result of deterioration in soil productivity. Therefore, adaptation options should be developed in order to improve crop yield under the current and future climate. In sandy soil and under sprinkler irrigation, fertigation serves as improved management practices to reduce vulnerability of crops to climate change. Hoffman et al., (1992) defined fertigation as the application of fertilizer via an irrigation system by injecting it into the water flows through the system. Ouda et al., (2010) 
Materials and methods

The field experiments
Two field experiments were conducted at Aly Mo- The experiments were laid out in a split-plot design Table ( 2). Chemical and physical soil analyses were conducted by the standard methods described by Tan (1996) . Chemical analysis of the irrigation water indicated that electrical conductivity (EC) was 0.50 (dS/m) at 25 ºC and pH value was 7.55. Where: plant ground area is the area of land occupied by the plant (equal distance between the plant * distance between ridges).
Harvest was done on the 14 th of April during the two growing seasons. Wheat grain and biological yield were measured at harvest and harvest index was calculated. These measurements were used to check the accuracy of the CropSyst model in predicting the final wheat yield.
CropSyst model Model description
The objective of the Crop model (Stockle et al., 1994) is to serve as an analytical tool to study the effect of cropping systems and management on crop productivity and the environment. temperature, water and nitrogen. Pala et al. (1996) suggested that minor adjustments of some of these parameters, accounting for cultivar-specific differences, are desirable whenever suitable experimental information is available. Details on the technical aspects and use of the CropSyst model have been reported elsewhere (Stockle et al., 1994) .
Model calibration
After each growing season, input files required by Crop- known from previous experiences with the model.
Goodness of fit
To test the goodness of fit between the measured and predicted data, percent difference between measured
and predicted values of grain yield and biological yield in each growing season was calculated, in addition to consumptive use. Furthermore, root mean square error which describes the average difference between measured and predicted value were calculated (Jamieson et al.,1998) .Also, Willmott index of agreement was calculated, which take a value between 0.0-1.0 and 1.0 means perfect fit (Willmott, 1981) .
Climate change scenarios
In this work, the HadCM3, which is a coupled atmo- 
Results and discussion
Wheat yield, irrigation amounts and water use efficiency
Water use efficiency was the lowest under farmer irrigation, whereas the applied irrigation amount was the highest (650 mm), compared to the irrigation treatments in both growing seasons (Table3 Table ( 3) showed that the highest yield was obtained under irrigation application using 1.2 of ETc with fertigation application in 80% of application time in both growing seasons. 
Wheat biological yield
The model over-predicted the values of wheat biological yield under some irrigation treatments, where the percentage of change between observed and predicted values were between +2.61% to -2.29% in the first growing season (Table 5 ). In the second growing season, the value ranged between -3.91% and +0.81%.
Root mean square error was 0.39 and 0.34 ton/ha for the first and the second seasons, respectively. In addition, Willmott index of agreement was close to 1, i.e. 0.97 and 0.98%. Benli et al., (2007) , stated that RMSE represented 21% of the observed average, whereas Willmott index of agreement between the observed and simulated biomass was 0.76, which means that is reasonably close to 1. 
Wheat Consumptive use
The obtained results from the calibration of CropSyst model for consumptive use revealed that the percentage of change between measured and predicted values was less than 1.5% in both growing seasons (Table 6 ). 
Effect of climate change
Reduction in wheat yield under A2 climate change scenario was higher than the reduction under B2 climate change scenario (Table 7) . Furthermore, the reduction in the yield was higher in the second growing season than in the first growing season.
The highest percentage of yield reduction was obtained for farmer irrigation and irrigation using 0.6 of ETc with fertigation application in 60% of application time. The farmer irrigation was associated with high applied irrigation water in both growing seasons and low water use efficiency under current climate conditions (Table 3) . Moreover, the high reduction in the yield for farmer irrigation could be a result of leaching nutrients away from root zone and oxygen deficiency (Ouda et al., 2008) . Similar results were obtained by Ouda et al., (2010) . Irrigation using 0.6 of ETc with fertigation application in 60% of application time treatment was coupled with low applied irrigation water (Table 2 ). This result emphasis proper management of irrigation water under current climate conditions, which could reduce yield losses under climate change conditions.
The results in Table ( 7) implied that climate change altered the natural growing conditions for wheat, which resulted in biotic stress, such as heat and water stresses that wheat plants exposed to. Exposing wheat plants to high moisture stress depressed seasonal consumptive use and grain yield (El-Kalla et al., 1994 and Khater et al., 1997) . During vegetative growth, phyllochron decreases in wheat under water stress and leaves become smaller, which could reduce leaf area index (Gardner, et al., 1985) and reduce the number of reproductive tillers, in addition to limit their contribution to grain yield (Mosaad et al., 1995) .
Furthermore, water stress occurs during grain growth could have a strong effect on final yield compared with stress occurred during other stages (Hanson and Nelson, 1980) . High temperature reduces numbers of tillers and spikelet initiation and development rates (McMaster, 1997) . Moreover, high temperature during flowering causes pollen sterility (Saini and Aspinall, 1982) and reduces number of kernels per head, if it occurred during early spike development (Kolderup, 1979) . The duration of grain filling is also reduced under heat stress (Sofield et al., 1977) , as well as growth rates with a net effect of lower final kernel weight (Bagga and Rawson 1977; McMaster, 1997) .
The lowest percentage yield reduction was obtained for irrigation using amount of 1.0 of ETc with fertigation application in 80% of application time, i.e.
28 and 27% under A2 in the first and second season, respectively. Under B2 climate change, the percentage of yield reduction was 24 for both growing seasons, respectively (Table 7) . These results implied that fertigation application increased water and fertilizer use efficiency and prevents N and K leaching in the sandy soil of the experimental site. Water and fertilizer use efficiencies increased yield under current climate conditions (Table 3 ) and help wheat plants to withstand the stressful conditions of climate change (Table 7) . Therefore, it is recommended to irrigate wheat using amount of 1.0 of ETc with fertigation application in 80% of application time to reduce yield losses. 
Conclusion
This study was conducted in Egypt to assess the effect of using different fertigation treatments on wheat grown in sandy soil and under sprinkler irrigation, and to simulate the effect of climate change on wheat yield. The real challenge under climate change conditions is to use adaptation strategies, which are improved agricultural management practices, to reduce the damage caused by climate change on the yield of the growing crops. Plant breeders could use the results of the application of the simulation models to help in the development of new varieties adapted to climate change. Wheat breeders will need to focus on overcoming heat stress rather than improving drought tolerance as a result of climate change. Moreover, breeding wheat varieties with high water use efficiency is also a very important goal to be achieved.
